Abstract. The sequence relationship between the small heat shock proteins and the eye lens protein acrystallin (Ingolia, T. D., and E. E. Craig, 1982 , Proc. Natl. Acad. Sci. USA, 79:2360-2364 prompted us to subject rat lenses in organ culture to heat shock and other forms of stress. The effects on protein synthesis were followed by labeling with [35S]methionine and analysis by one-and two-dimensional gel electrophoresis and fluorography. Heat shock gave a pronounced induction of a protein that could be characterized as the stress protein SP71. This protein probably corresponds to the major mammalian heat shock protein hsp70. Also two minor proteins of 16 and 85 kD were induced, while the synthesis of a constitutive heat shock-related protein, P73, was considerably increased. The synthesis of SP71 started between 30 and 60 min after heat shock, reached its highest level after 3 h, and had stopped again after 8 h. In rat lenses that were preconditioned by an initial mild heat shock, a subsequent shock did not cause renewed synthesis of SP71. This effect resembles the thermotolerance phenomenon observed in cultured cells. The proline analogue azetidine-2-carboxylic acid, zinc chloride, ethanol, and calcium chloride did not, under the conditions used, induce stress proteins in the rat lens. Sodium arsenite, however, had very much the same effects as heat shock. Calcium ionophore A23187 specifically and effectively induced the synthesis of the glucose-regulated protein GRP78. No special response to stress on crystallin synthesis was noticed.
T
HE heat shock response of eukaryotic cells is characterized by the induction of a specific set of heat shock or stress proteins, and the concurrent development of thermotolerance, i.e., increased resistance to subsequent stress (34, 42) . It has been shown that also in vivo and in organ culture several mammalian tissues respond to heat shock or other forms of stress by the synthesis of one or more heat shock proteins (5-7, 9, 10, 28) .
A study of the effects of stress on the vertebrate eye lens is of interest for a number of reasons. The eye lens might be expected to need a very efficient protection or resistance against chemical and physical insults, because the differentiated lens fiber cells are never broken down or replaced (3, 11) , and hence have to maintain a reasonable degree of structural and functional integrity throughout life. On the other hand the lens is quite likely to become exposed to stressful conditions because of its superficial location in combination with the absence of direct blood supply and innervation which hampers an efficient and rapid homeostatic regulation of the intraceUular environment. Moreover, the older lens fiber cells loose their nuclei and ribosomes (3) and hence the ability to respond to stress by the synthesis of heat shock proteins. Chronic exposure of the lens to elevated temperatures induces cortical cataracts (39) .
Also the intriguing structural relationships between the heat shock proteins and the lens-specific crystallins make a study of the stress response of the eye lens of special relevance. The major lens protein a-crystallin shows considerable sequence similarity with the small heat shock proteins of Drosophila (17, 37) , the nematode Caenorhabditis (32) , soybean (35), and Xenopus (2) . A more limited sequence similarity has also been reported between a frog ~,-crystallin and Drosophila hsp70 (43), as well as an apparent immunological relationship between a chicken fibroblast heat shock protein and a /3-crystaUin polypeptide (33) .
We therefore have analyzed the response of rat lenses in organ culture to heat shock and other stressful conditions. Because also in situ the lens obtains its nutrients by perifusion from the aqueous humor, the results obtained in organ culture should well reflect the in vivo stress response of the eye lens.
Materials and Methods

Eye Lenses and Other Tissues
All rat and mouse lenses and other tissues were immediately removed after death by decapitation or cervical dislocation, and directly placed in incubation medium of 37"C. Eye lenses were dissected from Wistar rats of different ages and from 1-mo-old Swiss mice. The lenses were not decapsulated. Liver, lung, br'ain, and thigh muscle were used from 10-d-old Wistar rats and cut in pieces of ~ 1 mm 3 for incubation.
newborn calf serum (Boehringer Mannheim Diagnostics, Inc., Houston, TX), 1 ml glutamine (200 mM), 0.05 ml penicillin (106 U/5 ml), and 0.05 ml streptomycin (1 g/5 ml). Heat shock was carried out in this medium for different times and at different temperatures, as specified. Thereafter the lenses, or other tissues, were labeled for 6 h at 37"C in 0.5 ml minimum essential medium containing 10 or 25 uCi [35S]methionine (Amersham Corp., Arlington Heights, IL). Incubations were stopped by rinsing twice with cold phosphatebuffered saline (PBS). To detect possible heat shock proteins containing no methionine, labeling was carried out by incubation for 6 h at 37"C in Eagle's minimum essential medium supplemented with 100 uCi/0.5 ml 3H-amino acid mixture (TRK-440, Amersham Corp.).
Other Stress Conditions
Lenses of 10-d-old rats were incubated in 0.5 ml complete minimum essential medium supplemented with either L-azetidine-2-carboxylic acid (5 mM; Serva Fine Biochemicals Inc., Garden City Park, NY; 12 h incubation at 37'C) (47) , sodium arsenite ( 150 ~M; 1 h at 37"C) (19) , zinc chloride (500 #M; l h at 37"C) (12) , ethanol (6%; 1 h at 37"C) (22) , or calcium chloride (6 raM, 24 h at 4"C) (14) . Incubation with calcium ionophore A23187 (7 zM; Eli Lilly Co., Indianapolis, IN; l0 h at 37"C) (21) was carried out in 0.5 ml minimum essential medium containing l0 t~Ci [3~S]methionine. The other lenses were labeled, after washing with complete medium at 37"C, by incubation for 6 h at 37"C in 0.5 ml minimum essential medium containing 25 zCi [3~Slmethionine.
Electrophoretic Analysis
Lenses and other tissues were homogenized in 0.5 ml SDS sample buffer, Proteins were electrophoretically separated on 13% polyacrylamide gels, containing 0.1% SDS (20), or on two-dimensional gels according to O'Farrell (30) . The isofocusing gels contained ampholines (LKB Instruments, Inc., Gaithersburg, MD) in the pH ranges 3.5-l0 and 6-8, mixed in a ratio of 3:5. Gels were stained with Coomasssie Brilliant Blue (45) . For detection of labeled proteins the gels were processed for fluorography (4), dried, and exposed to Kodak XOmat AR film.
Results
Temperature-dependence of Heat Shock Protein Induction
Lenses of 32<1-old Wistar rats were incubated in complete medium for 30 min at temperatures between 37* and 47"C, and subsequently labeled for 6 h at 37"C in a medium containing [35S]methionine. Analysis of the synhesized proteins by SDS PAGE and fluorography (Fig. I a) revealed the appearance at 43* and 45"C of a major newly synthesized protein of apparent Mr 70,000 with a concomitant decrease of normal protein synthesis. After incubation for 30 min at 47"C, all protein synthesis had ceased. Comparison of samples containing equal amounts of incorporated radioactivity ( Fig.  1 b) showed also a relative increase in synthesis of proteins with apparent masses of 71 and 85 kD at 43"C.
The optimum temperature for heat shock protein induction seemed to be age-dependent, since lenses of 6<1-old rats did not synthesize heat shock proteins after a 15-min incubation at 45"C ( Fig. 1 c) . Interestingly the synthesis of the lens crystallins still continued at a low level at 45"C, like in the 32<1-old lenses. The heat shock response was otherwise qualitatively similar in lenses of 6-and 32<1-old rats.
Characterization of the Heat-induced Rat Lens Proteins
A more detailed analysis of the heat shock response in the rat lens was obtained by two<1imensional gel electrophoresis and fluorography of the proteins synthesized in the control and heat-shocked lens. Comparison of parts a and b of Fig. 2 reveals that a 1 h incubation at 43"C indeed gave a pronounced induction of the 70-kD protein, which is only detectable in minute amounts in the control lens. Two minor proteins o f -1 6 and 85 kD were also induced by the heat shock, while a protein o f -7 1 kD occurred in considerably greater amounts as compared with the control pattern. The 70-kD protein occurred as a major charge species of pI 5.9, as estimated by comparison with the known isoelectric points of aAz-crystallin (pI 5.92; 11), lens 3' actin (pI 5.45; 29), and vimentin (pI 5.35; 38). The molecular weight and isoelectric point of this rat lens stress protein are in good agreement with published values for the major mammalian heat shock-induced proteins (hsp70), which range between Mr 66,000 and 72,000, and pI 5.6 and 6.3 (26, 34, 44, 48) . Also the position after two-dimensional gel electrophoresis of the rat lens 70-kD protein relative to actin, tubulin, and vimentin corresponds very well with published patterns for the major heat shock-or stress-induced protein in other cell types, in culture, or in vivo (6, 15, 19, 26, 44) .
The same major 70-kD stress protein as in lens was also induced by heat shock treatment of other tissues of 10<1-old rats (Fig. 3) . The extent of induction of this stress protein showed considerable differences among the various tissues. Currie and White (6) observed the induction of a similar protein in many different rat tissues after hyperthermia in vivo, as well as in tissue slices. The identity of the major rat lens heat shock protein and this protein, called SP71 (15, 49) , could convincingly be demonstrated by the fact that the corresponding mouse lens heat shock protein, like mouse SP71 (49) , is slightly more acidic than the rat protein (Fig. 4) . We therefore will further designate the rat lens 70-kD heat shock protein as SP71.
The lens protein of 71 kD, of which the synthesis increased upon heat shock, can reasonably be identified as P73 (15, 26, 49) , a constitutive protein present at considerable levels in many investigated normal cell types, and of which the synthesis is indeed stimulated by heat shock. It has been shown that P73 is closely related to SP71 (15, 26) . These proteins correspond indeed to the two primary members of the 70-kD family of heat shock proteins; the former representing the constitutive form, and the latter the highly inducible form. The minor heat-induced 85kD lens protein might well correspond to the common mammalian heat shock protein hsp90 (34, 47, 48) . Finally, the minor 16 kD heat-induced lens protein does not seem to correspond with any heat shock protein described so far in other mammalian cells or tissues. The smallest heat shock proteins reported in mammalian cells have apparent molecular masses between 25,000 and 30,000 (13, 19, 34, 44, 47) , and have moreover been reported not to become labeled by [35S]methionine (13, 19) .
In relation with the latter observation we assessed the possible induction of heat shock proteins that do not contain methionine, by labeling 6-d-old rat lenses, after a 30-min heat shock at 43"C, with 3H-amino acid mixture. Fluorography after two-dimensional gel electrophoresis of these 3H-labeled lens proteins did not reveal any additional heat-induced polypeptides, neither in the 25-30-kD range, nor of any other size (data not shown). The 25-30-kD mammalian heat shock proteins have indeed not been reported to be induced upon stress of intact organs or tissues, in vivo or in vitro (5-7, 9, 10, 28), nor are they induced in certain cultured cell types (19) .
Kinetics of SP71 Induction in the Lens
Mammalian cells in culture show a characteristic pattern of synthesis of heat shock proteins after induction (13, 23, 36, 40) . At first the synthesis of heat shock proteins rapidly increases and generally reaches a maximum between 2 and 6 h. The synthesis then decreases to normal levels within 8-24 h after heat shock. We have followed in the rat lens culture the levels of SP71 synthesis at different times after a heat shock of 30 min at 43"C (Fig. 5) . It appeared that the synthesis of SP71 started between 30 and 60 min after heat shock, reached its highest levels after -3 h, and leveled off to negligible amounts again after 8 h. Normal protein synthesis in the lens cells had apparently completely stopped immediately after the heat shock, started again at very low level within 30 min, even before SP71, and still increased when the synthesis of SP71 was already on its return.
Thermotolerance of the Rat Lens
One of the key features associated with heat shock protein synthesis in cultured cells is the phenomenon of thermotolerance (23, 40, 42, 47) . After an initial heat shock and concomitant induction of heat shock protein synthesis, it
rate of the cells. Moreover, the second heat shock does not, or to a much lesser extent, induce the renewed synthesis of heat shock proteins. Since the development of thermotolerance might be one of the major biological functions of the heat shock proteins, it was of interest to establish the occurrence of this phenomenon in the cultured rat lens. We used the extent of induction of SP71 and the overall resistance of normal lens protein synthesis to a second heat treatment as criteria for the development of thermotolerance. Fig. 6 reveals that such a second heat shock of preconditioned lenses indeed did not lead to a renewed stimulation of SP71 synthesis, but the basal level of protein synthesis was not detectably protected by the initial heat shock.
R e s p o n s e to Other F o r m s o f Stress
The induction of heat shock protein synthesis in cell culture is also triggered by a variety of other stressful conditions (34, 42) . The types of induced heat shock proteins and the extent and patterns of induction are, however, quite variable. We examined the effects on the rat lens in organ culture of some of the commonly used stress-inducing agents, the fluorography in Fig. 7 shows that in this system the proline analogue L-azetidine-2-carboxylic acid (lane 3) had no apparent influ- sional gel, possibly because it might correspond to the very acidic stress protein induced by arsenate and arsenite in cultured rat myoblasts (19) . Ca 2+ turned out to equally decrease the synthesis of all lens proteins (Fig. 8 b) as compared with the control (Fig. 2a) , although the synthesis of P73 showed a slight relative increase. Finally the most conspicious effect of the calcium ionophore A23187 is the specific induction of the 74-kD protein, which thus is likely to correspond to GRP78, the major of the two calcium ionophore-and glucose-regulated proteins in mammalian cells in culture (25, 48, 51) . In fact the position of the rat lens 74-kD stress protein on the two-dimensional gel corresponds exactly with that reported for GRP78 (15) .
Discussion
The heat shock and stress response has mostly been studied in cultured cells. This approach has provided a wealth of information about this phenomenon, which however is not necessarily applicable to the processes as they occur in the Figure 6 . Thermotolerance of rat lens. Lenses of 19-d-old rats were triggered by preincubation for 30 min at 43°C, developed for 4 h at 37°C, and either directly labeled or exposed to a second heat shock at 45°C during 10 min, 25 min, or 45 rain. Thereafter the lenses were labeled for 6 h at 37°C with 10 uCi of [35S]methionine. Control lenses were preincubated for 30 min at 370C, and otherwise treated in a similar way. Labeled proteins are analyzed by SDS PAGE and fluorography; equal amounts of protein were applied. The times of heat shock at 450C, after the preincubation at 37°C (left) or 43°C (right) and development, are shown. ence on lens protein synthesis, and did not induce. SPT1. Arsenite (lane 4) induced the synthesis of both SP71 and P73, as well as that of a 32-kD protein, and enhanced also the synthesis of the 85-kD heat shock protein. Zinc (lane 5) again had little effect, like ethanol (lane 6). High levels of Ca 2÷ in the medium led to a dramatic decrease in overall protein synthesis, but did not induce heat shock protein synthesis, whereas the calcium ionophore A23187 induced the pronounced synthesis of a 74-kD stress protein.
A more detailed analysis by two-dimensional gel electrophoresis and fluorography revealed that the effect of arsenite (Fig. 8a) was very similar to that of heat shock, albeit that SP71 is less induced than P73. Arsenite also induced the 16-kD stress protein. The 32-kD protein, visible in one-dimensional PAGE (Fig. 7) , is not found back on the two-dimen- Figure 7 . Response of rat lens to other forgas of stress. Fluorography of SDS PAGE of total labeled proteins fr6~m 10-d-old rat lenses after different forms of stress. Lane 1, control lens; lane 2, heat shock for l h at 43"C; lane 3, 5 mM azetidine-carboxylic acid; lane 4, 150 uM sodium arsenite; lane 5, 500 ~M zinc chloride; lane 6, 6% ethanol; lane 7, 6 mM calcium chloride; lane 8, 7 uM calcium ionophore A23187. The control and all stressed lenses were labeled, after the stress period, for 6 h at 37"C with 25 ~Ci [35S]methionine, apart from the lenses treated with calcium ionophore, which were labeled during the stress for l0 h with l0 #Ci [35S]methionine. Equal amounts of protein were applied. Because individual lenses of rats of the same age show considerable variation in biosynthetic activity, some of the stressed lenses can have incorporated more radioactivity than the control. living organism. It has been shown that increased temperature and other forms of stress and trauma in living mammals or excised tissues mainly induce the synthesis of a 71-74-kD stress protein (5-7, 9, 10). The other size classes of heat shock proteins, which are induced to varying extents in different mammalian cell types in culture, are not observed in intact mammalian organs, or only at low levels. It has been demonstrated in mouse (41) and pig (27) that also in vivo heat shock results in thermotolerance, as evidenced by an increased resistance to subsequent heating. The study of acquired thermotolerance in living organisms is of relevance for the treatment of tumors by hyperthermia, based on the fact that transformed cells are hypersensitive to heat.
The eye lens in organ culture is a suitable system to follow the effects of stress on an intact organ. In fact the conditions of the lens in culture fairly well correspond with the in vivo situation, where the lens also receives its nutrients from the perifusing aqueous humor. The lens, therefore, can be maintained for periods of over 9 d without deterioration of its cellular metabolism or loss of functional and structural integrity (3 l, 39) . The stress responses that we observed in the rat lens in organ culture are thus likely to reflect the processes that will occur in vivo under comparable conditions. It has previously been shown that incubation of rat lenses at elevated temperatures (40"C and upward) or at elevated glucose levels induces cataractous morphological changes (39) . The morphological and biochemical changes associated with cataract formation also occur in vitro by incubation of rat or mouse lenses in glucose-free medium, as well as in media containing ouabain or calcium ionophore A23187 (16) .
The major effect of heat shock on the lens is the induction ofa 70-kD protein that can be identified as the stress protein SP71 observed upon stress in other mammalian tissues and organs (5-7, 9, 10) . Since the lens only consists of an anterior single layer of epithelial cells and the very specific differentiated lens fiber cells, this further extends the number of cell types in which SP71 induction can occur (6) . Our results contradict the suggestion that SP71 is synthesized by injury of microvasculature (~49), because this is absent from the lens.
There exists considerable confusion concerning the nomenclature of the 70-kD heat shock proteins, as for the other size classes of heat shock proteins. This is due to the considerable variation in the reported numbers and characteristics of the 70-kD heat shock proteins and related constitutive and stress proteins in different organisms and in different cell types of the same species. The problem is aggravated by the use of different gel systems in different laboratories, resulting in varying estimates of apparent molecular masses and isoelectric points, and by the use of a great variety of stress conditions. However, the evidence indicates that SP71 is identical to the major heat shock protein hsp70, which has been demonstrated to be immunologically related in a great variety of eukaryotic organisms (18) . Also the gene encoding hsp70 has been highly conserved during evolution (26) . Even in E. coli a heat-inducible gene is present encoding a protein that is 48% homologous to Drosophila hsp70 (1). The identity of rat lens SP71 and the major rodent hsp70 can be deduced from the following observations. SP71 and hsp70 are the only heat shock or stress proteins of Mr ~70,000 which are not, or hardly, detectable in unstressed cells, in contrast to a number of related, so-called heat shock cognate proteins of which the synthesis also increases under heat shock, but which are already constitutively present at lower levels in the normal unstressed cell (6, 26, 46) . On two-dimensional gel electrophoresis both SP71 and hsp70 are the most basic as well as the lowest molecular weight polypeptides within the cluster of 68-74-kD heat shock and heat shock cognate proteins in rodents (6, 26) . In many cell types SP71 and hsp70 do occur in several isoelectric point variants, in contrast to the more acidic unique polypeptides of the constitutively expressed heat shock-related proteins (5, 10, 26, 46) .
In rat lens also a protein corresponding to the heat shockrelated P73 (15, 26) can be identified. It is already present in the unstressed lens, but its synthesis increases considerably after heat shock (Fig. 2 b) . In that respect, and considering its electrophoretic position relative to SP71, it can probably be identified as the product of the gene corresponding with the mouse hsc70 gene (26) . The rat lens P73 also migrates in exactly the same position on two-dimensional gels as a microtubule-associated heat shock-related 68-kD protein described in rat brain (24) and baby hamster kidney and HeLa cells (44) . The minor 16,000-kD heat-induced polypeptide in the rat lens could not be related to any previously reported mammalian heat shock protein. Heat shock proteins in this size class have thus far only been described in plants and nematodes. Interestingly, the 15-18-kD heat shock proteins in soybean (35) and the 16-kD heat shock proteins of the nematode Caenorhabditis elegans (32) do in fact show, like the 22-27-kD heat shock proteins of Drosophila (17, 37) and the hsp30 in Xenopus (2) , considerable sequence homology with vertebrate a-crystallin.
As in other cell types, arsenite induces in rat lens the same proteins as heat shock, and in addition, a specific 32-kD protein which has also been reported in rat myoblasts (19) . Interesting is the strikingly increased synthesis of a 74-kD stress protein under the influence of the calcium ionophore A23187. This protein is constitutively present at a very low level in control and heat-shocked lenses. It is known that calcium ionophore A23187 specifically induces in mammalian cells the synthesis of two stress proteins that are also induced by glucose starvation, and hence designated as the glucose-regulated proteins GRP78 and GRP94 (21, 25, 48, 51) . The rat lens 74-kD stress protein has indeed a position on two-dimensional gel electrophoresis, relative to SP71, P73, actin, vimentin, and tubulin, which corresponds exactly with the glucose-regulated protein GRP78 in rat aorta (15) . GRP78 is, like the rat lens 74-kD stress protein, slightly heat-inducible (25) . GRP78 has, like hsp70 and hsp90, a highly acidic amino terminus (21) , which can possibly interact with basic chromosomal proteins, but may also form a suitable environment to bind Ca 2÷ (21) . The eye lens in vitro readily develops cataract by increased Ca 2÷ influx and by glucose starvation, two processes that are intimately associated in the lens (8, 14) . GRP78 may thus have an important function in minimizing the irreversible damaging effects of such conditions.
The presence of heat shock protein-like sequences in acrystallin, and possibly also in/3-and 3,-crystallin, does not influence their level of synthesis under heat shock. Their synthesis is not stimulated by heat shock, nor is it notably more resistant as compared with, for instance, actin and vimentin. It may be that the hsp-like sequences provide a thermodynamically very stable conformation, which might be advantageous for the long-living crystallins (50) . Another possibility that might be suggested is that the presence of hsplike sequences in the crystallins provides them with hsp-like properties, which may be favorable by providing protection against stressful conditions in the deeper layers of the lens, where synthesis of heat shock proteins no longer can occur.
